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Summary 
Plasmodium falciparum expresses on the host erythro- 
cyte surface clonally variant antigens and ligands that 
mediate adherence to endothelial receptors. Both are 
central to pathogenesis, since they allow chronicity of 
infection and lead to concentration of infected erythro- 
cytes in cerebral vessels. Here we show that expres- 
sion of variant antigenic determinants is correlated 
with expression of individual members of a large, 
multigene family named war. Each yar gene contains 
copies of a motif that has been previously shown to 
bind diverse host receptors; expression of a specific 
yar gene correlated with binding to ICAM-1. Thus, our 
findings are consistent with the involvement of Var 
genes in antigenic variation and binding to endo- 
thelium. 
Introduction 
Of the four specie; of malaria parasite that naturally infect 
humans, P. falciparum is responsible for a high proportion 
of the morbidity and nearly all the mortality (Warrell et al., 
1990). The virulence of P. falciparum is thought to be due 
to modifications of the surface of infected erythrocytes 
(Berendt et al., 1994). During the latter half of the intraery- 
throcytic growth cycle, parasite-derived molecules are ex- 
pressed on the host cell surface that mediate adherence 
of infected cells to endothelial cells lining postcapillary 
venules. Thus, only the younger developmental forms are 
detected in the peripheral circulation, since the mature 
forms are sequestered. It has been argued that by not 
circulating, the parasite avoids spleen-dependent killing 
mechanisms (Langreth and Peterson, 1985; Miller et al., 
1994). All P. falciparum field isolates undergo this process 
of sequestration. In some cases, infected cells adhere to 
venules in the brain, leading to the syndrome of cerebral 
tThese authors have contributed equally to this work. 
malaria, which is associated with a high mortality (Warrell, 
1993). A number of endothelial receptors for infected 
erythrocytes have been identified, including CD38, inter- 
cellular adhesion molecule 1 (ICAM-l), thrombospondin, 
vascular ceil adhesion molecule (VCAM), and E-selectin 
(Roberts et al., 1985; Barnwell et al., 1989; Berendt et al., 
1989; Ockenhouse et al., 1992). Most isolates can adhere 
to CD36 and thrombospondin, whereas only a subset 
show the capacity to bind to ICAM- (Ockenhouse et al., 
1991; Newbold et al., unpublished data). The upregulation 
of ICAM- on cerebral vessels during acute disease may 
be an important contributory factor in the development of 
cerebral malaria (Berendt et al., 1994; Turner et al., 1994). 
The process of malarial sequestration in humans is 
unique to P. falciparum; however, all malaria species stud- 
ied appear to modify their host cell surface by insertion 
of clonallyvariant proteins into the erythrocyte membrane. 
These antigens, which were described originally in P. know- 
lesi, can be detected by antibody-mediated agglutination 
(Brown and Brown, 1965). During P. knowlesi infection, 
the parasitemia oscillates, and each new peak in para- 
sitemia is associated with changes in parasite proteins 
expressed at the surface of the infected erythrocyte 
(Brown et al., 1970; Howard et al., 1983). Antibodies pres- 
ent at any point in time recognize infected erythrocytes 
from preceding peaks but not those present at the time 
sera is drawn or those appearing later. This parallels, at 
the phenotypic level, the well-studied phenomenon of anti- 
genie variation in African trypanosomes (Borst, 1991). In 
both P. knowlesi and in rodent malarial infection, the pro- 
cess of antigenic variation appears to be necessary for 
the establishment of chronic infection (Brown, 1971; 
McLeanetal., 1982; Gilksetal., 1990). Moreover,antibody 
responses to the variant antigen are strongly implicated in 
the host protective immune response (Marsh et al., 1989; 
Gilks et al., 1990). At the biochemical level, sera have 
been used to immunoprecipitate afamilyof high molecular 
mass proteins (200-350 kDa) present on the surface of 
infected cells in a variant-specific fashion. These mole- 
cules were originally termed SICA (for schizont-infected 
cell agglutination) antigens in P. knowlesi (Howard et al., 
1983), and the homolog in P. falciparum has been named 
PfEMPl (P. falciparum erythrocyte membrane protein 1) 
(Leech et al., 1984). They are defined operationally by their 
antigenic diversity, presence on the erythrocyte surface, 
high and variable molecular mass, and insolubility in non- 
ionic detergents. Attempts to purify and sequence the pro- 
teins or to clone the relevant genes have been unsuccess- 
ful owing, in part, to the low abundance of these proteins 
and the difficulty of maintaining their expression in vitro. 
Thus, the question of whether the genes encoding PfEMPl 
are members of a single gene family remains unresolved. 
In P. falciparum and in some animal models where se- 
questration occurs, the balance of evidence suggests that 
binding to endothelium and antigenic variation are func- 
tions of the same molecule. Initially, it was shown that 
immune sera inhibited the binding of infected erythrocytes 
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to vascular endothelium in vitro in a strain-specific manner 
(Udeinya et al., 1983). Similar sera immunoprecipitated a 
protein with the characteristics of PfEMPl (Leech et al., 
1984; van Schravendijk et al., 1993). More recently, it has 
been observed that selection of parasites for particular 
cytoadherence changes is accompanied by changes in 
PfEMPl expression (Magowan et al., 1988; Biggs et al., 
1992). In parallel studies, we developed an extended fam- 
ily of P. falciparum subclones in which we could study 
both the process of antigenic switching and its relationship 
to cytoadherence. We demonstrated that antigenic varia- 
tion in vitro was extremely rapid, with a mean rate of 2.4% 
per generation. In this clone family, switches in antigenic 
type were always accompanied by a change in PfEMPl 
molecular mass and a loss of ability to bind to ICAM- 
(Roberts et al., 1992). Thus, while there exists a very close 
link between adhesive and antigenic phenotypes, it has 
not been formally proven that the variant antigen genes 
encode the parasite ligands for cytoadherence. The ab- 
sence of gene sequences for molecules central to both 
pathogenesis and the’development of protective immunity 
is thus a fundamental barrier both to understanding the 
system at the molecular level and to the development of 
novel intervention strategies. 
In the course of mapping and sequencing a segment 
of chromosome 7 containing the chloroquine resistance 
locus of P. falciparum, Su et al. (1995 [this issue of Cell]) 
identified several gene sequences that possess multiple 
domains similar to the binding region, region II, of erythro- 
cyte binding proteins from P. vivax, P. knowlesi, and P. fal- 
ciparum (Adams et al., 1992; Chitnis and Miller, 1994; 
Sim et al., 1994). Although the P. vivax and P. falciparum 
erythrocyte binding proteins bind different erythrocyte re- 
ceptors (the Duffy antigen and glycophorin A, respec- 
tively), regions II of these parasite proteins share homol- 
ogy with each other and the genes described by Su et al. 
(1995). 
The gene sequences from chromosome 7 hybridized 
with many bands in Southern blot analysis, suggesting 
that they belonged to a large family of genes, and have 
been named var genes (Su et al., 1995). var genes have 
many properties that might be expected of the variant anti- 
gen and cytoadherence ligands: they are polymorphic, 
contain large open reading frames that could encode pro- 
teins of over 290 kDa, and possess multiple DBL domains 
known to have diverse binding specificities in erythrocyte 
binding proteins. Taking advantage of homologies within 
the Duffy binding-like (DBL) domains, we have used de- 
generate oligonucleotide primers to study var message 
expression in antigenically variant clones. We show that 
the expression of distinct variant antigens at the surface of 
infected erythrocytes correlates with expression of distinct 
var genes. Thus, we conclude that var genes encode P. 
falciparum variant surface antigens. 
Results 
To test whether var genes encode the variant antigens, 
we have employed a P. falciparum clonal tree in which all 
members have been characterized as to their antigenic 
and cytoadherence phenotype (Figure 1A) (Roberts et al., 
1992). Of the A4 subclones that were used in the present 
study, three were antigenically similar to A4 (C7, C9, and 
C17); four others (C4, C18, C24, and C28) were different 
from A4 and from each other. All parasitized erythrocytes 
that were antigenically similar to A4 bound ICAM-1, 
whereas antigenically variant subclones had greatly re- 
duced binding to ICAM-1. C28, one of the non-A4 types, 
was selected on ICAM-1. The resulting line, C281, had 
increased antigenic similarity to A4. Using these parasite 
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Figure 1. Degenerate Oligonucleotide Primers to DBL Domains Am- 
plify a Message That Correlates with A4Bpecific Agglutination of Mem- 
bers of the IT0 Clonal Family 
(A) P. falciparum clonal tree. Clones in this family tree were derived 
as described previously by Roberts et al. (1992). Bold boxes indicate 
that the clone is of the A4 antigenic type and binds ICAM-1. Plain 
boxes indicate that the parasite is of a different antigenic type from 
A4 and other clones and that it does not bind ICAM-1. 
(6) RNA from antigenically similar or distinct clones was DNase 
treated, reverse transcribed, and amplified with the DBL primers 
UNIEBPB and UNIEBP3’. The arrow on the right side of the figure 
identifies a band whose intensity correlates with A4 antigenicity. Num- 
bers shown below Figure 18 represent antigenic similarity to the A4 
clone as defined by chance of heterologous cross-agglutination (see 
Experimental Procedures). 
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Figure 2. Deduced Amino Acid Sequence of 
var Genes Isolated from Antigenically Variant 
Clones 
(A) Alignment of the A4var sequence with the 
consensus sequence from the var genes 
cloned by Su et al. (1995). The deduced amino 
acid sequence encoded by A4var is compared 
with consensus sequence of the var DBL do- 
mains to which these genes are most similar 
(Su et al., 1995). Above the A4var sequence, 
a bold line indicates the regions of A4var ho- 
mology with DBL domain 3 or DBL domain 2. 
At positions within the consensus sequence at 
which a number of similar amino acids can be 
found, the following symbols were used: U (I, 
L, V, M), at symbol (Y, F, W), ampersand (I, L, 
V, M, Y, F, VV), percent (E, D), and dollar sign 
(S, T). The asterisk in the consensus sequence 
indicates gaps in the sequence where different 
numbers of amino acids are present. Boxed 
sequence identifies the original A4var sequence 
amplified with UNIEBPS’and UNIEBP3’. A bold 
line, labeled hydrophobic, at the 3’end of exon 
1 indicates the putative transmembrane re- 
gion. The position of a 950 bp intron is marked 
with an arrow, and the areaof exon 2 homology 
is shown with consensus amino acid residues 
from other var sequences identified by Su et 
al. (1995). 
(B) The predicted amino acid sequences of ClSvar, C24var, and R29var genes are homologous with var DBL domain 1. Predicted amino acid 
sequences from the Cl& C24, and R29 var genes were aligned with the consensus amino acid sequence of var DBL domain 1 defined by Su et 
al. (1995). The same symbols were used as above. Amino acids in the var sequences are highlighted with reverse print if a consensus amino 
acid is always present at that position in the var sequences identified by Su et al. (1995) and are highlighted in stippled print if a consensus amino 
acid is the most common of more than one amino acid present at that position. 
clones, we expected certain results if the var genes en- 
coded the variant antigens expressed on the erythrocyte 
surface. Specifically, var message should vary in a pattern 
that correlates with the antigenic type of the clone. Thus, 
all subclones that are antigenically similar to A4 should 
express a common varmRNA. Subclones that are antigen- 
ically distinct should express unique var genes. To investi- 
gate this hypothesis, we used reverse transcription-poly- 
merase chain reaction (RT-PCR) to compare var gene 
expression in a series of antigenically defined clones. 
Identification of an-Expressed var Gene 
in AGType Clones 
To study var gene expression, we utilized primers to con- 
served sequences within the DBL domains of var genes 
(Peterson et al., in press). var genes have between two 
and four such domains (Su et al., 1995). Because DBL 
domains are sufficiently variable that no region of perfect 
amino acid conservation extends for as many as six amino 
acids, it was necessary to make the primers degenerate. 
Initially, an experiment was performed to exclude the 
possibility of genomic DNA contamination of RNA sam- 
ples. For all experiments, RNA samples were treated with 
DNase prior to reverse transcription. In the absence of 
reverse transcription, no bands were detected, confirming 
that the products of RT-PCR were derived from the mRNA 
of each clone (data not shown). 
To identify DBL transcripts whose expression correlates 
with the variant-specific agglutination of infected erythro- 
cytes, mRNAs from a blinded panel of clones were studied 
by using a range of different DBL primers based upon the 
sequences of Su et al. (1995; see Experimental Proce- 
dures). From these experiments, only the primer set de- 
veloped by Peterson et al. (in press), UNIEBP5’ and 
UNIEBP3’, amplified a band whose presence correlated 
with A4 antigenicity (Figure 1 B). This 565 bp PCR product 
was cloned, and its sequence confirmed that it was a mem- 
ber of the DBL family. The DBL domains of var genes can 
be grouped into different types, each with a characteristic 
consensus amino acid sequence. When the predicted 
amino acid sequence of the A4 cDNA clone was compared 
with that of the var genes identified by Su et al. (1995) it 
aligned most closely with the consensus sequence for var 
DBL domain 3 (Figure 2A). 
To establish that the A4 cDNA was a member of the var 
gene family, the sequence was extended in the 3’direction 
by PCR using genomic DNA from A4 (Su et al., 1995). 
var genes are encoded in two exons, separated by an 
approximately 1 kb intron (Su et al., 1995). Exon 1 is 5-8 
kb in length, highly polymorphic, contains two to four DBL 
domains, and has a hydrophobic sequence at the 3’ end 
that is consistent with a transmembrane region. Exon 2 
is more conserved and encodes a putative cytoplasmic 
domain. The extended genomic DNA sequence contained 
one additional DBL domain, a putative transmembrane 
region at the 3’ end of exon 1, a putative 1 kb intron, and 
sequence from the highly conserved exon 2 (Figure 2A). 
Primers based on the genomic DNA sequence were used 
to clone a 2.5 kb cDNA from mRNA of parasite clone A4. 
This A4 var cDNA clone was sequenced at the 5’ and 3’ 
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Figure 3. Antigenically Distinct P. falciparum Clones Express Distinct 
vef Messages 
RT-PCR using specific primers to var genes isolated from the A4, Cl 8, 
C24, or R29 clones (indicated at the left of the figure) was performed on 
RNA isolated from each of the 11 clones listed at the top of the figure. 
RT-PCR products were hybridized with the respective WI probes. 
The results are representative of three experiments (A4var) or two 
experiments (other var genes) performed on the same preparation of 
cDNAs. 
ends to confirm that the sequence was identical to the 
genomic sequence. In addition, it was found that the A4 
var cDNA clone lacked the putative intron, establishing 
that the A4 var had the typical intron-exon structure found 
in var genes. The presence of multiple DBL domains in 
exon 1, the highly conserved exon 2, and the characteristic 
intron-exon organization proved that the A4 cDNA clone 
was a member of the var gene family described by Su et 
al. (1995). The gene from which the cDNA fragment was 
isolated is referred to as A4var. 
The Expression of the A4var Gene in Different 
Clones Correlates with Their Antigenic 
Similarity to A4 
To study the expression of A4var in different antigenic 
variants, specific primers were designed to a region of 
A4var that was highly variable among the var genes (Su 
et al., 1995). Initially, the A4var primers were tested on 
A4 1” “‘,[ C24 
A4 cDNA at varying numbers of PCR cycles to determine 
cycling conditions in which the PCR reaction was within 
the exponential phase. These conditions were then used 
to analyze cDNA from each of the clones. RT-PCR prod- 
ucts from different clones were separated on polyacryl- 
amide gels and compared by Southern blot analysis with 
a labeled A4var probe. 
The clones included in this study possessed varying 
degrees of antigenic similarity to A4 as measured bycross- 
agglutination between parasitized erythrocytes of A4 and 
the other clones. By this criterion, they fell into three major 
groups: highly similar (C7, C17, and C9), moderately simi- 
lar (C281), and largely dissimilar (C4, Cl& C28, C24, Al, 
and R29). With use of the A4var primers, a strong band 
of the appropriate size was present in A4 and the strongly 
cross-agglutinating C subclone lines C7 and Cl7 (Figure 
3). This band was also present in the C4, C18, and C9 
clones at a slightly reduced. intensity, but the amount of 
this product was sharply reduced or absent in the R29, 
C24, Al, and C28 clones, which poorly cross-agglutinated 
with A4. Significantly, the selection of C28l from C28 by 
binding parasitized erythrocytes on ICAM- was accompa- 
nied by an increase in antigenic similarity to A4, and this 
increase was paralleled by an increase in the intensity of 
the A4var band. The geometric mean of three A4var RT- 
PCR experiments was compared with the serologically 
determined antigenic similarity of the clones. A highly sig- 
nificant correlation was observed between the amount of 
A4var RT-PCR product and the antigenic similarity of a 
clone with A4 (Figure 4; Spearman rank correlation coeffi- 
cient of 0.933, p < 0.001). 
The relationship between A4 antigenicity and A4var ex- 
pression was independently tested by using monoclonal 
antibody (MAb) BC6, which binds to infected erythrocytes 
in a pattern that correlates with the A4 antigenic type. Nine 
clones were freshly grown, and RNA was isolated at the 
same time that flow cytometry was performed with MAb 
BC6. As expected, clones that strongly cross-agglutinated 
50 
Figure 4. Expression of Distinct var Tran- 
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or R29 clones (see Experimental Procedures). 
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Figure 5. A4var Expression Correlates with the Percentage of P. falci- 
parum-Infected Erythrocytes Binding a Monoclonal Antibody (MAb 
SC6) That Is Specific for A4 Variants 
The percentage of parasitized erythrocytes of the A4 type in different 
clones was determined by flow cytometry using MAb BC6. At the same 
time, RNA was extracted, and the level of Allvar expression was deter- 
mined by RT-PCR. The geometric mean of two RT-PCR experiments 
is plotted next to the percentage of ACtype variants in each clonal 
culture. 
with A4 contained a greater percentage of MAb BC6-reac- 
tive infected erythrocytes than subclones that had 
switched to other antigenic types. The unexpectedly low 
percentage of MAb BCGreactive parasites in the A4 cul- 
ture may be due to stochastic differences in switching dur- 
ing culture. Despite this, a strong correlation was found 
between A4var expression as measured by RT-PCR and 
the percentage of infected erythrocytes that expressed 
the MAb BC6 epitope as measured by flow cytometry (Fig- 
ure 5; Spearman rank correlation of 0.97, p < 0.001). The 
fact that A4var expression and A4 antigenicity were so 
closely correlated strengthens the case for their causative 
association. 
To confirm that the amplified product in different clones 
was the same and not a different var message that cross- 
hybridized with the Allvar probe, we cloned this band from 
all of the clones that strongly cross-agglutinate with A4 
(C7, C17, C9, and C281). The sequence from each clone 
was identical to that of A4var. Thus, this portion of the 
expressed var gene in different clones of the A4 antigenic 
type is conserveq. 
The existing data on the protein known as PfEMPl, 
which carries the variant-specific epitopes, show it to be of 
high (200-350 kDa) and variable molecular mass (Howard, 
1968). To determine the size of theA4var message, North- 
ern blots of RNA from several variants were probed with 
the A4var fragment (data not shown). Clones of the A4 
antigenic type, C7 and C281, shared an mRNA of approxi- 
mately 8 kb that hybridized with this probe. This 8 kb band 
was absent in the antigenically distinct clone, C24, but a 
band of slightly higher mobility was evident. An additional 
weak band in the Northern blot of C7 at 9.4 kb may have 
been a cross-reaction with another var or unspliced A4 
var mRNA. The fact that the A4var message is of a size 
that would be expected for the variant antigen, and that 
the expression of the A4var message correlates with A4 
antigenicity as measured by mixed agglutination with im- 
mune sera (see Figure 4) or reactivity with MAb BC6 (Fig- 
ure 5) leads us to conclude that A4var encodes a variant 
antigen at the surface of infected erythrocytes. 
Antigenically Distinct P. falciparum Clones 
Express Distinct var Genes 
To extend these observations of var gene expression to 
clones expressing different antigenic types, the degener- 
ate DBL primers, 1 and UNIEBPd, were used to clone and 
sequence three unique var cDNAs from the antigenically 
distinct clones C18, C24, and R29. The predicted amino 
acid sequence of each cDNA was different, but all had 
the consensus sequence of var DBL domain 1 (see Figure 
28; Su et al., 1995). The presence of sequences that are 
typical of var DBL domain 1 (see Figure 28) indicated that 
these three cDNAs were members of the var gene family. 
The cloned var genes from C18, C24, and R29 will be 
referred to as CN?var, C24var, and R29var, respectively. 
Specific primers for CXBvar, C24var, and R29var were 
designed and used together with specific primers to A4var 
to compare the expression of these genes in the panel 
of clones (see Figure 3). The Cl8 and C24 subclones 
strongly expressed C78var and C24var, respectively, but 
weakly expressed A4var. By contrast, clones that were 
antigenically distinct from Cl8 and C24 had lower or no 
expression of C78var and C24var (see Figures 3 and 4). 
Thus, subclones of A4 that had switched antigenic type 
expressed new var genes. Data on the expression of 
R29var supported the fact that unique var mRNAs were 
expressed by clones that were antigenically distinct (see 
Figures 3 and 4). The DNA fingerprints of R29 and A4 
were identical (Roberts et al., 1992) indicating that they 
were derived from the same parent clone, although they 
are not immediately related (see Figure 1 A). R29var was 
expressed in R29 but was greatly reduced or absent in 
other clones. Thus, in all of the cases that we have exam- 
ined, changes in antigenic phenotype were directly corre- 
lated with expression of different var genes. 
Large-Scale Genomic Rearrangements Are Not 
Essential for Antlgenlc Switching 
In addition to Plasmodium, clonal antigenic variation has 
been described for several protozoan species, including 
African trypanosomes, Giardia lamblia, and Paramecium 
(Borst, 1991; Nash, 1992; Preer, 1986).Cfthese, themecha- 
nism of antigenic variation has been described in greatest 
molecular detail for African trypanosomes. Antigenic vari- 
ation in trypanosomes is accomplished by the sequential 
expression of members of a large multigene family by 
mechanisms that frequently involve the duplicative trans- 
position of silent sequences into expression sites. These 
rearrangements can be readily detected on Southern 
blots. To determine whether or not a similar mechanism 
was operative in the malaria parasite, cloned cDNA frag- 
ments from the expressed vaf genes of A4, Cl 8, and C24 
(A4var, C78var, and C24var) were used as probes in 
Southern blot analysis of genomic DNA isolated from 
members of the P. falciparum clonal tree. 
To detect rearrangements of var genes in subclones of 
A4 that had switched antigenic type, probes for the A4var, 
C78var, and C24var genes were hybridized to Hindlll- 
digested genomic DNA from the clones C7, Cl 8, and C24. 
C7 is a subclone of A4 that is antigenically similar to A4. 
The A4 subclones, Cl 8 and C24, are distinct from A4 and 
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Figure 6. Southern Blot Analysis of var Gene Organization in Clones 
That Have Switched Antigenic Type 
(A) DNA from the C7, C24, and Cl 6 clones was digested with Hindlll 
and separated on a PFG. 
(B) DNA from the A4, C7, Cl& C24, and R29 clones was digested 
with Dral and separated by standard electrophoresis. The probes used 
were A4var, C24var, or C78var as indicated. Major bands of hybridiza- 
tion are indicated with an arrow. The R29 clone has deleted the major 
A4varband of hybridization. Minor bands that are deleted are indicated 
by an asterisk. 
each other. Hindlll cuts malarial DNA infrequently and pro- 
duces large fragments, so the restricted DNA samples 
were resolved by pulsed-field gel (PFG) electrophoresis. 
Each probe hybridized to a single major band of Hindlll- 
restricted DNA on each blot (Figure SA). The major band 
identified by each probe was of a different size (Figure 
6A), indicating that the three probes hybridized to different 
DNA fragments. However, there was no difference in the 
size of the major band in different clones hybridized with 
the same vaf probe, indicating that these probes did not 
detect DNA rearrangements associated with antigenic 
switching. 
The restriction enzyme Dral (Figure BB), which cuts ma- 
larial DNA frequently and produces small restriction frag- 
ments, was also used to identify deletions and rear- 
rangements within the var gene family. Consistent with 
the absence of Dral sites in probes for A4var and Clbvar, 
these probes hybridized to a single major band of Dral- 
digested DNA. In the same analysis, the probe for C24var, 
which contains an internal Dral site, hybridized to two ma- 
jor bands of Dral-digested DNA. Except for the absence 
of the single major band identified by the A4var probe in 
DNA from R29, the probes did not identify any differences 
in the major bands of hybridization. Another frequently 
cutting restriction enzyme, Hinfi, gave similar results (data 
not shown). Thus, DNA rearrangements associated with 
antigenic switching were not detected. 
Deletion of minor bands was detected in the Southern 
blot analysis with DNA restricted with Hindlll as well as 
Dral. For instance, each var probe detected an additional 
minor band in Hindlll-restricted DNA from Cl6 that was 
absent in the C7 and C24 clones (Figure 6A). Moreover, 
minor bands that were deleted in Draldigested DNA from 
the C7 and C24 clones were present in A4, C16, and R29 
clones. It is assumed that the minor bands represent var 
sequences that cross-react with the var probes, but this 
was not proven by cloning and sequence analysis. Dele- 
tion of minor bands reflected changes in the P. falciparum 
genome during culture, but none of the changes observed 
correlated with switches in the antigenic phenotype of the 
clones. 
The A4var, Cldvar, C24var, and R29var genes were 
mapped to P. falciparum chromosomes. DNA from all the 
family members was separated by PFG electrophoresis 
under standard conditions and hybridized to probes for 
the cloned var genes. A4var, C24var, and R29var mapped 
to chromosome 12, and C78var mapped to chromosome 
1. No differences in chromosomal localization were found 
between expressed and silent genes (data not shown). 
Discussion 
The absence of sequence information for the genes coding 
for the variant antigens and cytoadherence proteins of 
P. falciparum has been a major barrier to research on this 
organism, since these proteins are intimately involved in 
pathogenesis. We argue in this and the accompanying 
papers (Su et al., 1995; Baruch et al., 1995 [both in this 
issue of Cell]) that this barrier has now been overcome. 
Su et al. (1995) describe a large family of genes (vargenes) 
that are polymorphic between genotypes, code for pro- 
teins of an appropriate molecular mass for the variant anti- 
gens in the erythrocyte surface, and contain two to four 
domains homologous with erythrocyte binding domains in 
P. vivax, P. knowlesi, and P. falciparum (Chitnis and Miller, 
1994; Sim et al., 1994). The finding of potential host bind- 
ing domains on the variant antigen is consistent with ex- 
perimental evidence that places the phenotypes of cy- 
toadherence and antigenic variation on a single molecule 
(Udeinya et al., 1963; Leech et al., 1964; Magowan et al., 
1966; Roberts et al., 1992; van Schravendijk et al., 1993). 
We present evidence that expression of variant antigens 
on the erythrocyte surface and ICAM- binding correlate 
with expression of members of the var gene family. 
We utilized the small regions of conservation in DBL 
domains to amplify sequences from RNAs by RT-PCR 
(Peterson et al., in press). We were encouraged to find 
that parasites of a similar antigenic type (in this case A4) 
shared a major RT-PCR band that was absent from non- 
cross-reactive clones. The RT-PCR band was cloned, and 
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sequencing revealed that it contained sequences that 
werecharacteristicof the DBL domains found in vargenes. 
RT-PCR using specific primers to the cloned A4var gene 
on RNA from an extensive panel of clones showed a corre- 
lation between the level of A4varexpression and antigenic 
similarity to A4. 
Interpretation of these data required that RNA was em- 
ployed from clonally derived parasite populations of known 
variant antigen type. For antigenic typing, we were forced 
to rely primarily on the mixed agglutination assay (New- 
bold et al., 1992); which measures the frequency with 
which a polyspecific malarial immune serum can aggluti- 
nate infected erythrocytes from two different sources. 
Since we had already shown that the formation of mixed 
agglutinates occurred with the expected binomial distribu- 
tion, we could use the results as a semiquantitative mea- 
sure of the presence of common variant phenotypes within 
any of the parasites from the clone family (see Experimen- 
tal Procedures). 
The interpretation of the relationship between antigenic 
similarity as measured by agglutination and expression 
of the variant antigen is not straightforward. The actual 
percentage of parasites expressing the same antigenic 
type in two clonal cultures that are indistinguishable by 
cross-agglutination (>95% mixed agglutinates) cannot be 
determined directly by this method, since it can vary in 
different clonal cultures because of stochastic differences 
in antigenic variation postcloning. For instance, A4 and 
the clones C7, C9, and C17, which are indistinguishable 
from A4 by the mixed agglutination assay, contain differing 
proportions of parasites expressing the A4 variant. We 
were fortunate in the case of the A4 variant type to be 
able to circumvent this problem with the use of MAb BC6. 
This antibody showed that the A4-type parasites contained 
between 14% and 33% MAb BCGpositive infected eryth- 
rocytes. When we assessed A4var mRNA levels and BC6 
positivity of different clones in the same cell cycle, we 
obtained a significant correlation. 
The relation between antigenicvariation and the expres- 
sion of var genes is strengthened by the identification of 
distinct var cDNAs from three antigenically variant clones, 
C24, C18, and R29. For C24 and R29, specific var tran- 
scripts were virtually unique to the homologous clone. For 
C18, the specific var transcript was expressed at the high- 
est level in the clone from which it was derived. Thus, our 
evidence indicates that distinct var transcripts are ex- 
pressed by clones that display different antigenic types. 
This indicates that the var genes encode the variant sur- 
face antigens of P. falciparum and are the basis of anti- 
genie variation. 
The paper of Baruch et al. (1995) provides direct evi- 
dence that var genes encode parasite proteins expressed 
on the erythrocyte surface. These authors cloned a gene 
from the Malayan Camp strain of parasites by screening an 
expression library with antibody to the infected erythrocyte 
surface. They showed that this gene is a member of the var 
gene family and that antisera raised to the cloned product 
reacted with the surfaceof infectederythrocytesin astrain- 
specific pattern and immunoprecipitated a molecule with 
the characteristics of PfEMPl Furthermore, the antisera 
reacted over the knobs, the pointsof contact with endothe- 
lium (Luse and Miller, 1971). 
Are the DBL domains of var genes involved in binding 
to endothelium? Evidence from the role of DBL domains 
in other membersof the family shows that they are capable 
of binding different receptors. The DBL domain in the 
erythrocyte binding protein of P. vivax binds the Duffy anti- 
gen on human erythrocytes (Chitnis and Miller, 1994) but 
the DBL domain from EBA-175 of P. falciparum binds to 
glycophorin A (Sim et al., 1994). Three further erythrocyte 
binding proteins have been found in P. knowlesi that con- 
tain DBLdomains(Adamset al., 1990;Adamset al., 1992). 
One of these also binds the Duffy antigen, but the other 
two interact with undefined structures on rhesus monkey 
erythrocytes (Chitnis and Miller, 1994). It is therefore not 
unreasonable to expect that the DBL domains of the var 
gene products have the potential to mediate binding to 
different endothelial receptors: CD36, ICAM-1, thrombo- 
spondin, VCAM, and E-selectin. Because the var genes 
contain between two and four copies of the DBL motif (Su 
et al., 1995), a role for them in endothelial binding could 
explain some puzzling results in the literature. In some 
cases, selection of parasites for binding to one receptor 
decreases binding to others (Ockenhouse et al., 1991). 
In other cases, selection on one receptor results in an 
increased binding to both this and alternative receptors 
(Ockenhouse et al., 1992). The variable number of DBL 
domains in a given var would mean that both of these 
results are consistent with a single molecule mediating 
adherence. The inhibition of CD36 binding by anti-PfEMPl 
sera (Baruch et al., 1995) and the association of the A4 
antigenic type with ICAM- binding suggest that var genes 
encode cytoadherent ligands; however, formal proof will 
require direct measurement of the receptor binding func- 
tion of these sequences. 
How is the expression of this large repertoire of genes 
controlled? Data from Southern blots of variant types 
probed with A4var, C18var, and C24var would appear to 
rule out large-scale genomic rearrangement as a frequent 
or necessary event for antigenic switching. We also did 
not find evidence for duplicate copies of expressed genes, 
since the intensity of hybridization with var-specific probes 
was identical in all clones. Deletions in var genes were 
found, but these did not correlate with changes in antigenic 
phenotypes. We do provide evidence that multiple var ex- 
pression sites exist, since the C24 and Cl8 subclones of 
A4 that have switched antigenic type express var tran- 
scripts from different chromosomes. Moreover, Southern 
blot analysis using a probe from the conserved var exon 
2 suggested that var genes may be present on most or 
all P. falciparum chromosomes (Su et al., 1995). It is un- 
clear at present whether all var genes can potentially be 
expressed in situ or whether only a subset is capable of 
being transcriptionally activated. 
Despite the overall high frequency of switching in P. 
falciparum, awide distribution of switch rates is necessary 
in order for the variant repertoire not to be rapidly ex- 
hausted during acute infection (Roberts et al., 1993). In- 
deed, wide variation of switch rates has been measured 
directly for P. chabaudi, African trypanosomes, and Can- 
dida (Slutsky et al., 1985; Turner and Barry, 1989; Brannan 
et al., 1994). The fact that theA4varand C78var transcripts 
are frequently present at low levels in clone1 cultures that 
have switched antigenic type may reflect a higher rate 
of switching to these antigenic phenotypes. In contrast, 
C24var and R29var transcripts are rarely found in other 
clones and may reflect low frequency of switching to these 
antigenic phenotypes. It will be interesting to determine 
how the vargenes are arranged and inherited within natu- 
ral populations of interbreeding organisms. The fact that 
these genes are distributed throughout the genome would 
suggest that the repertoire would be continuously reshuf- 
fled by reassortment and recombination in the mosquito 
even at fairly low rates of outcrossing. If, however, the 
immune response to the variant antigen is an important 
determinant of parasite survival and, hence, gametocyte 
production in vivo, then there may be significant selective 
pressure to stratify the variant repertoire into groups of 
minimal overlap. Such asituation would be consistent with 
recent theoretical predictions (Gupta and Day, 1994). 
With the identification of the genes encoding the variant 
antigens, a wide range of questions regarding the mecha- 
nism of antigenic switching, the relationship between anti- 
genie and adhesive phenotypes, the role of the variant 
repertoire in evading the immune response as well as in- 
ducing protection, and the population genetics of the var 
locus can now be addressed. 
Experlmental Procedures 
Growth of Paw&es snd Antigenlc Phenotyping 
Parasites were grown in vitro as previously described (Roberts et al., 
1992). The antigenic phenotype of the cultures was determined by 
the mixed agglutination assay (Newbold et al., 1992). The chance 
of heterologous agglutination, q, of cells from two cultures can be 
estimated from the observed proportion of mixed-colored agglutinates, 
m, by the relationship q = 1 - (1 - m) ‘fl”-‘) for agglutinates of size 
n (Roberts et al., 1992). Since most agglutinating antibodies in immune 
serumarevariantspecific(Newbold etal., 1992). thechanceof heterol- 
ogous agglutination between two clones expressing different major 
variant types is related to the proportion of minor variants derived from 
switching in each of the populations. For example, if clone A expresses 
antigenic types a, b, c... in proportions p(a), p(b), p(c) where p(a) >> 
p(b) or p(c) (implied by the order in which antigenic switches have 
occurred), and similarly, clone B expresses antigenic types b, a, c in 
proportions p’(b), p’(a), p’(c) where p’(b)>-‘(a) or p’(c), then the chance 
of heterologous agglutination q is given by the following: 
q = k$=(a)p’(a) + k&b)p’(b) + kaP(c)p’(c). 
but since p(a) >> p(b), p(c) and p’(b) >> p’(a), p’(c), then 
q = kp(a)p’(a) + krp(b)p’(b), (1) 
i.e., q = k,(proportion of major variant a in clone A) (proportion of 
minor variant a in clone B) + Qproportion of major variant b in clone 
E) (proportion of minor variant b in clone A). 
Assuming the amount of FIT-PCR is proportional to the level of 
variant antigen expression, the chance of heterologous agglutination 
q (as calculated from the results of the mixed agglutination reaction) 
for parasitized erythrocytes from two cultures will be proportional to 
the amount of RT-PCR product in each clone, provided that the second 
term in equation 1 is negligible. We would thus predict an approxi- 
mately linear relationship between the chance of heterologous aggluti- 
nation and the amount of any one RT-PCR product, but occasional 
combinations of clones would deviate significantly from linearity as a 
result of their minor variant composition. 
Monoclonal Antibody Production and Flow Cytometry 
Hybridomaswereproducedfrom BALB/c x CBAFl hybridmiceimmu- 
nized repeatedly with 20 pg of Triton X-100insoluMe extract from 
1oD parasitized erythrocytes infected with the A4 clone by standard 
techniques (Kohler and Milstein, 1975; Orlik and Altener, 19BS). 
Screening was carried out by indirect immunoflorescence microscopy 
(Roberts et al., 1992) and flow cytometry (see below). The antibody 
BCB was isolated from a single well, recloned, and isotyped as IgGl 
by hemagglutination (Serotec, Bicester, England). It immunoprecipi- 
tated a high molecular mass protein with the characteristics of PfEMPl 
(Leech et al., 1984) only from clones of the A4 antigenic type (Roberts 
et al., unpublished data). 
Mature infected trophozoites wsre washed three times with PBS, 
1% BSA (wash buffer) and incubated wlth tissue culture supematant, 
MAb BCS, or a mouse lgG1 control antibody (0.5 )rg per ml in wash 
buffer) at 1046 hematoorit for 30 min at 37*C. Bound immunoglobulins 
were detected by incubating ceils with FlTC-conjugated rabbit an!i- 
mouse immunoglobulins (DAKO, High Wycombe, England) and then 
with FlTC-conjugated swine anti-rabbit immunoglobulins (DAKO, High 
Wyoombe, England) with 299 pglml ethidium bromide. Cells were 
washed three times with buffer between each incubation and four 
times after the final incubation. The number of FITC- and ethidium- 
stained cells as a proportion of the ethidium-stained cells was analyzed 
by flow cytometry (EPICS Profile II. Coulter, Luton, England). Results 
are given as the mean of two measurements on two successive cycles 
counting 29W infected cells on each occasion. 
Preparation of RNA for Isolation of var Transcripts and for 
Analysis of var ExpreseM In Dlfferwtt Clones 
To control for possible stage-specific differences in var message ex- 
pression, synchronized parasite cultures were enriched for trophozo- 
ite- and schizont-infected erythrocytes by plasmagel flotation (Pasvol 
et al., 1978). RNA was isolated by RNAzol (Tel-Test, Incorporated, 
Friendswood, TX). The RNAs from each of these clone1 preparations 
were quantified by spectrophotometry, and the quality and quantity 
of RNA was confirmed in glyoxal gels. 
Cloning and Sequencing of Unique var Genes 
Expreesed by A4, ClS, C24, and R29 
To identify var messages whose expression correlated with variant- 
specific agglutination of infected erythrocytes, RNA from the panel of 
clones was studied by RT-PCR using a range of different degenerate 
oligonucleotkfe primers designed to conserved sequences in DBL do- 
mains. Of these primers, only the primers shown below amplified prod- 
ucts that differed among clones, and only these primers were used to 
clone vaf sequences. The sequences of the other primers are available 
from the authors upon request. The sequences of the primers used 
in the present report were as follows. in which inosine is represented 
with the letter I. Sense strand: UNIEBP5’, 5’~CC(A/G)AG(A/G)AG 
(A/G)CAA(G/A)AA(C/T)TATG; primer 1,5’~C~/C/A)TG~/C)oClCClT 
(T/A)(C/T)(C/A)G. Antisense strand: UNIEBPB’, S-CCA(A/T’)C(T/G) 
(T/G)A(NG)(AlG)AAlTG(AT)GG. 
In ail RT-PCR experiments, 10 pg of total RNA was pretreated with 
RQl DNase (Promega, Madison, WI). Half of the sample was reverse 
transcribed with random primers by use of Superscript (Bethesda Re- 
search Laboratories, Gaithersburg, MD), according to the protocol of 
Wynn et al. (1993). The remaining half was used in wntrol experiments 
to confirm that the DNase treatment was complete. Reverse-tran- 
scribed material was resuspended in 1CNl ul and 1 pl used for PCR 
reactions. In ethidium bromide-stained gels, the amount of cDNA from 
different clones was similar, and no adjustments were made in the 
amount of cDNA added to PCR reactions. PCR conditions with each 
primer set were identical, except that 1.5 mM Mg2+ was used with the 
UNIEBPS’and UNIEBP3’wmbination, and 3.5 mM MgPI was used with 
other primer combinations. Taq polymerase (Boehringer, Mannheim, 
Federal Republic of Germany) was used for all PCR reactions. cDNA 
was denatured at 94OC for 1 min and then amplified for 39 cycles at 
94OC for 25 s, 4VC for 25 s. and 72OC for 1 min and 30 s. PCR 
products were separated on a PCR Purity Plus polyacryiamide gel 
solution (AT Biochem, Malvern, PA). Bands that differed among clones 
were cloned into the TA cloning vector pCRll (Invitrogen, San Diego, 
CA) and sequenced with Sequenase version 2.0 (United States Bii 
chemical Corporation, Cleveland, OH). A4var was cloned by using a 
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similar protocol from Cl 7, C9. C7, and C261 with A4var-specific primers 
(sense strand: A4REG5,5’-AGTGAAAAAGCAACAGACTGAATTG; 
antisense strand: A4/3, 5’-GGACGAAAllTTGGTGTAllTATTGll). 
These primers amplify a 460 bp fragment of A4var. 
Comparison of var Expression In Different Clones by RT-PCR 
Specific primers were designed to the four cloned var sequences and 
used to study var expression in different clones by RT-PCR. The first 
primer in each set corresponds to the sense orientation and the second 
primer to the antisense orientation. A4ver A45B, 5”AGAAAAGCT- 
T-FTATTGAATGTGC; A43C, 5’-TCCATTCTTAATATGATGAGATAAT. 
C24van C24A, 5’GAGGTAATAATGGTGGAGCCTC; C24B, 5’-AGTGC 
ACGTATTTCCATTGGAG. ClEvar: Cl85C, 5”TCCTTCAGACCATCA- 
CAA; Cl88C, 5’-ATATTGAGCAGTACCAGG. R29vm R2958, S-Gl-TAA- 
TAATCACCCAGATAAA; R293C. 5’-TTCACTATGCCCACAATATCC. 
To determine conditions in which the PCR reaction was within the 
exponential phase, a PCR cycling optimization of 16-36 cycles was 
first performed on cDNA from which the ver was cloned. On the basis 
of the intensity of ethidium bromide-stained agarose gels, PCR condi- 
tions were selected to compare var expression in all of the clones. 
The same preparation of cDNAs was used in all var gene expression 
studies. PCR conditions were similar to those with degenerate primers, 
except that different numbers of PCR cycles were used for each primer 
set. To quantitate the amount of var product in different samples, the 
PCR products were separated on PCR Purity polyacrylamide gels (AT 
Biochem, Malvern, PA) and transferred to Zeta-Probe GT blotting 
membranes (Bio-Rad, Hercules, CA). For hybridization, cloned var 
fragments were radioactively labeled by the random primer method 
(Boehringer, Mannheim, Federal Rep&tic of Germany) with [a-=PJdCTP 
(Amersham, Arlington Heights, IL). Prehybridiration and hybridization 
were performed in a solution of 0.25 M N&HPO, and 5% SDS. Probes 
were hybridized overnight at 50°C. The following day, membranes 
were washed two times for 1 hr at 50°C with 50 ml of washing solution 
(20 mM Na*HPO, and 5% SDS). Washed membranes were exposed 
to Phosphorlmager screens (Molecular Dynamics, Sunnyvale, CA), 
and bands were quantified by densitometry using Image Quant (Molec- 
ular Dynamics). 
isolation of A4var cDNA 
To clone the A4var cDNA, specific primers were designed based upon 
the sequence of A4var cloned from genomic DNA by Su et al. (1995). 
For this experiment, 5 ug of RNA was DNase-treated and reversed 
transcribed with XCR7 (antisense, 5’-GGTATATCATAA(A/T)CACT- 
llTGG) from an almost perfectly conserved region of exon 2 in differ- 
ent var sequences (Su et al., 1995). The first-strand cDNA was first 
amplifiedwithA4REG5primerand theXCR7 primerfor30cycles(94°C 
for 25 s, 46OC for 25 s, and 72OC for 3 min). The PCR product from 
this reaction was diluted 56fold and further amplified 30 cycles with 
the primers A456 (5’-AGAAAAGCTTTTATTGAATGTGC) and Gfh2 
(5’-GGATATTAATAACACTGAAAAGGT) from regions adjacent to the 
original primers. The PCR product was cloned by using the TA vector 
(Invitrogen, San Diego, CA) and sequenced for several hundred base 
pairs in either direction to confirm its identity and the exon-intron splice 
boundary. 
Southern Blot Analysis of Expressed var Sequences 
DNA from the C7, A4, C24, Cl6, and R29 clones was extracted from 
plasmagel-enriched cultures as previously described (Robson and 
Jennings, 1991). DNA was digested with Hindlll and separated on a 
PFG (1% agarose, 0.5x TBE, 160 V; switching time, 2-8 s; running 
time, 18 hr). Alternatively, DNA was digested with Hinfl or Dral and 
separated by standard electrophoresis. DNA was transferred to Hy- 
bond N+ (Amersham, Little Chalfont, England) according to the instruc- 
tions of the manufacturer. Probes were labeled with (3LP)dCTP (Amer- 
sham, Little Chalfont, England) by use of rediprime kits (Amersham, 
Little Chalfont, England). Hybridization was carried out at 60°C in 0.5 
h4 sodium phosphate (pH 7.2). 7% SDS (Church and Gilbert, 1964) 
overnight followed by four washes in 40 mM sodium phosphate (pH 
7.2) 1% SDS at 60°C. 
Assignment of var Genes to P. falciparum Chromosomes 
by PFG Electrophoresio 
DNA from all of the clones was separated by PFG electrophoresis in 
1% rapid agarose (GIBCO), 0.5x TBE, l-5 V; switching time, 200- 
400 s for 60 hr, and then 600-1000 s for 36 hr. The order of the 
chromosomes in the IT lineage (compared with the 3D7 reference 
clone) was determined by using a series of chromosome-specific 
probes. The probe for chromosome 12 was from the ABRA gene (Foote 
and Kemp, 1989) and that for chromosome 1 was from the RESA 
gene (Cappai et al., 1989). 
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